The role of miRNAs in neuroectoderm specification is largely unknown. We screened miRNA profiles that are differentially changed when human embryonic stem cells (hESCs) were differentiated to neuroectodermal precursors (NEP), but not to epidermal (EPI) cells and found that two miRNA families, miR-200 and miR-96, were uniquely downregulated in the NEP cells. We confirmed zinc-finger E-box-binding homeobox (ZEB) transcription factors as a target of the miR-200 family members and identified paired box 6 (PAX6) transcription factor as the new target of miR-96 family members via gain-and loss-of-function analyses. Given the essential roles of ZEBs and PAX6 in neural induction, we propose a model by which miR-200 and miR-96 families coordinate to regulate neural induction.
INTRODUCTION
MicroRNAs (miRNAs) play crucial roles in post-transcriptional gene regulation. The number of miRNAs expressed in the nervous system is larger than that in any other systems and accumulating data suggest roles of miRNAs in neurogenesis and gliogenesis (Fineberg et al., 2009; Shi et al., 2010) . miR-9 and miR-124 regulate the transition from neural stem cells to differentiated neurons by silencing the essential regulators REST and TLX (Conaco et al., 2006; Cheng et al., 2009; Zhao et al., 2009 ). miR17-3p controls the patterning of ventral spinal progenitor domains through repression of the key patterning gene Olig2 . The miR-132 cluster participates in the cAMP response element-binding (CREB) transcriptional pathway to regulate the dendritic growth, synaptogenesis and synaptic activity (Vo et al., 2005; Magill et al., 2010) . The miRNA-mediated regulation of glial differentiation, including that of astrocytes, is less well known (Zheng et al., 2012) , although miR-219 is found to control oligodendrocyte maturation and myelination (Dugas et al., 2010; Zhao et al., 2010) . However, the effect of miRNAs in the earliest step of neural development, neural induction, remains exclusive. This is complicated by the relative stability of existing miRNAs and lack of suitable drivers expressed in prospective neural precursors when performing the selective disruption of miRNAs in mouse studies (Davis et al., 2008) .
Neural induction represents the earliest step in the determination of the ectoderm fate. In vertebrates, bone morphogenetic proteins (BMPs) act as signals for epidermal acquisition, and inhibition of the BMP signaling pathway in the ectoderm confers neural induction (Muñoz-Sanjuán and Brivanlou, 2002) . Zinc finger E-box-binding homeobox (ZEB) transcription factor family represses the expression of BMP and its downstream genes, facilitating the induction of the neural fate (Postigo et al., 2003; Nitta et al., 2004) . In mammals, embryonic stem cells (ESCs) offer a dynamic model to dissect the mechanism of neural induction (Zhang, 2006) , including the role of miRNAs. The miR-302 family and miR-371 family members were reported to be repressed during neural differentiation from human ESCs (Rosa et al., 2009; Kim et al., 2011) . However, these miRNAs are highly expressed in and are required for maintaining undifferentiated hESCs (Laurent et al., 2008) . It is hence expected that these miRNAs are downregulated upon hESC differentiation, but the cause-effect relationship between the repression of these miRNAs and neural induction remains to be established.
We took a different approach to compare the miRNA profile during hESC differentiation to neuroectodermal (NEP) cells with that during hESC differentiation to epidermal (EPI) cells and identified two miRNA families, miR-200 and miR-96, that were specifically downregulated in NEP but not in EPI. Gain-and loss-of-function analyses indicated that miR-200 regulates the level of its target ZEB, whereas miR-96 regulates PAX6 (paired box 6), two key transcription factors essential for human neuroectoderm specification.
MATERIALS AND METHODS

Culture and differentiation of human ESCs
Human ESCs, H9 and H1 lines (WiCell Institute, Madison, WI, USA, NIH Code 0062 and 0043, passages 18-35) were cultured on irradiated mouse embryonic fibroblasts (MEFs) as described in the standard protocol http://www.wicell.org. A ZEB2-inducible ESC line was established by inserting a ZEB2-inducible expression cassette in the AAVS1 genomic locus with the TALEN technology as described previously (Hockemeyer et al., 2011) . Neural differentiation and meso-endodermal differentiation of hESCs was performed according to published protocols (Zhang et al., 2001; Pankratz et al., 2007; Du et al., 2009) . To induce the epidermal fate, 0.5 μM PD0325901 was added to the medium from day 4 to 10. The procedure for dual Nodal/BMP inhibition in monolayer culture was modified from the published protocol (Li et al., 2011) using the neural medium containing 0.5 μM LDN193189, 2 μM SB431542 and 3 μM CHIR99021 (all small molecules are from Stemgent, Cambridge, MA, USA).
miRNA extraction, miRNA profiling and qPCR
For miRNA profiling and qPCR, total RNA containing miRNA was extracted using a miRNeasy kit (Qiagen, Hilden, Germany). Total RNA and miRNA were reverse transcribed using the miScript reverse transcription kit (Qiagen), according to the manufacturer's instructions. miRNA profiling was performed using the Human miScript Primer Assay set V10.2 kit (Qiagen). Primers used for miRNAs were ordered from Qiagen and primers used for RNA qPCR are described in a previous publication or in the supplementary material Table S2 . All the qPCR analysis was repeated in triplicates, and relative difference in gene expression was normalized to GAPDH.
Vector construction
Lentiviral-expressing vectors were modified from the plasmid pLVCTtTRKRAB (Szulc et al., 2006 , Addgene plasmid #11643, Addgene, Cambridge, MA, USA) by replacing the GFP-IRES-tTRKRAB fragment with GFP-IRES-Bsr or mcherry-T2A-Pur fragment. miR-200, miR-96 and miR-182 DNA fragments were cloned from BAC genomic clones (Life Technologies, Grand Island, NY, USA) using the primer sets (supplementary  material Table S2 ) and then inserted into lentiviral-expressing vector before the WPRE element. The detailed protocol will be provided upon request.
Lentivirus production and transduction of hESCs
Lentivirus was produced and transduced as described previously (Du and Zhang, 2010) . For transduction of ESCs, hESCs were pre-treated with ROCK inhibitor before they were trypsinized to single cells and collected by brief centrifugation. Cell pellets were then incubated with lentivirus at 37°C for 1 hour. The virus and cell mixture was then transferred to the MEF feeder layer overnight before changing medium on the next day. Forty-eight hours after infection, blasticidin or puromycin (both from InvivoGen, San Diego, CA, USA) was added to the cells for selecting drug-resistant clones. The final concentration of blasticidin or puromycin was 2 μg/ml or 0.5 μg/ml, respectively.
Western blotting
Cells were lysed with the lysis buffer [10 mM Tris (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 0.5% NP-40 with 1× protease inhibitor from Roche, Indianapolis, IN, USA]. Proteins were quantitated with BCA assay (Bio-Rad, Hercules, CA, USA). Either 50 μg or 100 μg of protein lysates were separated by SDS-PAGE, transferred to a nitrocellulose membrane and probed with primary antibodies and IRDye secondary antibodies (1:10,000, Li-Cor Bioscience, Lincoln, NE, USA). The following primary antibodies were used: Zeb2 (rIgG, 1:1000, Sigma, St Louis, MO, USA), Sox2 (mIgG, 1:2000, R&D, Minneapolis, MN, USA), actin (mIgG, 1:2500, Sigma), Pax6 (rIgG, 1:800, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and Pou5f1 (mIgG, 1:2000, Santa Cruz Biotechnology). The membranes were scanned with Odyssey Infrared Imaging System (Li-Cor Biosciences) and quantitatively analyzed with Odyssey V3.0.
Immunostaining and microscopy
Immunohistochemical staining was performed according to Zhang et al. (Zhang et al., 2001) . The following primary antibodies were used: Pax6 (mIgG, 1:5000, DSHB, Iowa City, IA, USA), keratin 18 (mIgG, 1:500, EMD Millipore, Billerica, MA, USA), Pou5f1 (mIgG, 1:1000, Santa Cruz Biotechnology), Sox17 (mIgG, 1:100, R&D), Brachyury T (gIgG, 1:50, R&D), Cdx2 (mIgG, 1:200, Biogenex, Fremont, CA, USA), Sox1 (gIgG, 1:1000, R&D).
Luciferase reporter assay
Targeting sites of miR-96-182 were analyzed by the TargetScan program (http://www.targetscan.org) (Lewis et al., 2005) and the mirWIP program (http://sfold.wadsworth.org). All miRNA reporter constructs were built on the pmirGLO dual-luciferase miRNA target expression vector (Promega, Madison, WI, USA). HEK293T cells were transfected 24 hour after seeding by using the calcium phosphate method. Luciferase activity was assayed 48 hours later using the Dual Luciferase Assay System (Promega) and normalized to the co-expressed Renilla Luciferase. All luciferase assays were repeated at least three times and performed in triplicates each time. Luciferase assays for target validation in epidermal cells were performed by transfecting reporter constructs with FugeneHD reagent (Roche).
Statistical analyses
For quantifications, experiments were performed at least in triplicate. Statistical significance was assessed using Student's t-test. P<0.05 was considered significant. Data were presented as mean±s.e.m.
RESULTS
Identification of miRNAs unique to neuroectoderm specification of hESCs
Under a chemically defined culture system, hESCs differentiate to enriched PAX6-expressing neuroepithelia (>90%) with remaining cells being other ectodermal cells (Zhang et al., 2001; Pankratz et al., 2007) (Fig. 1A,B) . We have shown that PAX6-expressing neuroepithelia begin to appear after 4 days of hESC differentiation and reach a peak at day 10 (Pankratz et al., 2007) . We therefore compared the miRNA expression profiles between day 4 and day 10 cells by miRNA qPCR arrays, which will probably exclude miRNAs that are involved in ESC self-renewal and initial spontaneous differentiation. More than 50 miRNAs were differentially expressed between these two cell populations, which include miRNAs involved in ESC differentiation to other cell lineages (supplementary material Table S1 ).
To further narrow down miRNAs that are specifically involved in NEP specification, we set up EPI as the second negative control group because of their close lineage relationship with the NEP. In our chemically defined condition, hESCs differentiate to primitive ectoderm cells that transiently express FGF5 at days 4-6 and these cells primarily differentiate to ectoderm cells (Pankratz et al., 2007) . By treatment with an ERK inhibitor PD0325901 to block FGF signaling from day 4 to day 10, the hESCs were differentiated into EPI, as shown by the flat epithelial morphology and expression of epidermal progenitor marker keractin 18 (KRT18) (Fig. 1A,B) . By comparing the miRNA profiles of day 10 NEP and EPI with day 4 cells, nine miRNAs were found to be downregulated by 4-to 12-fold in NEP, but were upregulated or not changed in EPI cells (Fig. 1C) .
The differential expression pattern of these miRNAs was confirmed in another hESC line (H1 line), as well as under another neural induction method, the dual Nodal/BMP inhibition (Chambers et al., 2009; Li et al., 2011) in a monolayer culture (supplementary material Fig. S1 ). Among these miRNAs, miR-200a, miR-200b, miR-200c, miR-141, miR-429 belong to the miR-200 family, which are clustered on the chromosomes 1 and 12; miR-96, miR-182 and miR-183 are clustered at one locus of the chromosome 7 (Fig. 1D ).
miR-200 family members repress neural differentiation by targeting ZEBs
The miR-200 family members target ZEB1 and ZEB2 (Gregory et al., 2008) , and ZEB2 (also known as SMAD interacting protein 1, SIP1) is known to mediate cell fate decision between the neuroectoderm and meso-endoderm (Chng et al., 2010) . qPCR analysis indicated that ZEB1 and ZEB2 were rarely expressed in hESCs and remained at a low level until day 4. During neural induction, both ZEB1 and ZEB2 were upregulated by 150-to 300-fold in day-10 NEP cells ( Fig. 2A) . By contrast, the expression of miR-200 family members was high in hESCs, halved on day 4, and was further downregulated by 10-to 20-fold to nearly loss of expression in day 10 NEP cells ( Fig. 2A) . The contrasting expression patterns suggest that ZEB transcription factors are targeted and repressed by miR-200 family members.
To determine the effect of miR-200 family members on NEP specification, we stably expressed miR-200 family members in hESCs. A DNA fragment containing the miR-200b-200a-429 cluster sequence was placed after the GFP gene, which is driven by the CAG promoter in a lentiviral vector (supplementary material Fig. S2A ). GFP was used to monitor the miRNA expression. The miR-200-hESC clones expressed 10 to 15-fold higher levels of miR-200b-200a-429 than the control GFP-hESCs (without miRNA insertion) at day 10 of differentiation, a level comparable with their expression in day 10 EPI (supplementary material Fig. S2A ). Accompanying the overexpression of miR-200 was the downregulation of ZEBs, as indicated by western blotting and qPCR. The expression of ZEB2 protein showed about 75% reduction when compared with that in the control GFP-ESCs. Along with the changes in miR-200 and ZEBs, we observed a reduction in SOX2 protein (Fig. 2B ) as well as mRNAs of other neuroectoderm genes PAX6, SOX1 and CDH2 (also known as N-cadherin) and upregulation of meso-endoderm genes brachyury (T), EOMES and SOX17 (Fig. 2C) . At the cellular level, differentiating miR-200-hESCs presented a much reduced area of columnar NEP cells in the colony center but a much larger area of flat epithelial cells in the surrounding area, indicating the repression of neural induction (Fig. 2D ). These results suggest that miR-200 family members affect hESC differentiation fate choices between the neuroectoderm and the meso-endoderm by regulating ZEB transcription factors. miR-200 family members promote epidermal differentiation through regulating ZEB transcription factors and BMP signaling ZEB transcription factors are crucial repressors of BMP signaling, and BMP signaling acts as an epidermal inducer during ectoderm development (Wilson and Hemmati-Brivanlou, 1995) . We therefore asked whether miR-200 family members modulate the BMP signaling to promote epidermal differentiation. As overexpression of miR-200 family members at the hESC stage resulted in differentiation into the meso-endoderm fate, which prevents the delineation of neural versus epidermal ectoderm fate choice, we infected day 4 cell aggregates to overexpress miR-200 family members, right before the neural or epidermal fate is specified (Fig. 3A) . This approach, however, prevents us from establishing a hESC line and the effect of miR-200 may only be assessed in the infected cells. Under our chemically defined neural differentiation condition, a few EPI cells, detected by KRT18 staining, were observed in the cells infected with GFP (no miRNA-200) (Fig. 3B ), but most of cells were PAX6-expressing NEP (as shown above in Fig. 1B) . Overexpression of miR-200 family members increased the production of KRT18 + EPI cells by sevenfold when compared with the control GFP group (Fig. 3B ). To confirm that this effect is mediated through BMP signaling, we applied a chemical BMP inhibitor LDN193189 in the culture. LDN193189 completely blocked the production of KRT18 + EPI cells induced by overexpressing miR-200 (Fig. 3B) , and promoted nearly all the cells to differentiate into NEP. Thus, miR-200 family members affect the differentiation fate choices between the NEP and the EPI via BMP signaling.
To further confirm that the effect of miR-200 on promoting the epidermal fate is mediated by repressing ZEB transcription factors, we established a hESC line with inducible ZEB2 expression by inserting the Tet-inducible expression cassette in the AAVS1 genomic locus. In this cell line, the transgene was homogeneously expressed in ESC-differentiated cells, including EPI cells upon induction by doxycycline, as indicated by GFP (supplementary 2613 RESEARCH ARTICLE miR-200 and miR-96 for neural induction material Fig. S2C ). We then expressed miR-200 in the ZEB2-inducible hESCs. To increase the transfection efficiency, day 4 cell aggregates were dissociated and plated as a monolayer before they were transfected with the miR-200 lentivirus. These miR-200-expressing hESCs were divided into two groups and one of them was treated with doxycycline to induce ZEB2 expression. Without induction of ZEB2 (control group), miR-200 overexpression induced about 45% EPI cells at day 10, as detected by KRT18 staining. By contrast, induction of ZEB2 by doxycycline prevented the differentiation of KRT18 + EPI cells (to 4%) that were induced by miR-200 overexpression (Fig. 3C ). This result confirms that miR-200 family members regulate the differentiation fate choices between the NEP and the EPI by regulating its target gene ZEBs.
miRNA-96 family members directly target the neural determinant gene PAX6
The miR-96-182-183 share a similar seed sequence (Fig. 4A ) and are the most differentially expressed miRNAs between day 10 NEP and EPI cells. qPCR analysis confirmed that members of the miR-96 family exhibited the same expression pattern during hESC differentiation, i.e. a slight upregulation at day 4 followed by a fourfold downregulation in day 10 NEP cells but a 16-fold increase in day 10 EPI cells (Fig. 4B) . This result suggests a crucial role for miR-96 family members in fate specification of neural versus epidermal ectoderm. By screening genes with sequences that match the seed sequence of miR-96 via the TargetScan program and comparing with the genes that are specifically expressed in day 10 NEP cells , we identified a site at the 3ЈUTR 2783 bp of PAX6, the NEP determinant gene, to be a target of miR-96 and miR-182 (Fig. 4C, TS2 site) . The 3ЈUTR typically contains several sites targeted by miRNAs, and some target sites do not perfectly match the miRNA seed sequence. We therefore applied the mirWIP program that predicts target sites without perfect match with miRNA seed sequences (Hammell et al., 2008) and identified another potential site for miR-96 and miR-182 at the 3ЈUTR 2425 bp (Fig. 4C, TS1 site) . The nucleotide sequence of TS1 and TS2 sites are conserved during evolution.
To investigate whether these two sites of PAX6 are targeted by miR-96 and miR-182, we constructed luciferase reporters that contain the TS1 site, the TS2 site, or a 2kb 3ЈUTR of the PAX6 gene that includes both the TS1 and TS2 sites. The luciferase reporters were cotransfected with a plasmid overexpressing miR-96 and/or miR-182 into 293T cells. A miR-200b-expressing plasmid was used as a negative control. As expected, miR-200 did not significantly affect the reporter activities. The miR-96 or miR-182 reduced the luciferase activities of TS1 and TS2 reporters by 30%, and reduced the luciferase activities of PAX6 UTR reporters by 70% (Fig. 4D) . The co-transfection of both miR-96 and miR-182 did not result in further reduction, indicating that they target the same sites. To further confirm that these two sites are directly targeted, we made a mutation at the TS1 or TS2 site that is complementary to the seed sequence of miR-96-182. Mutation on both the TS1 and TS2 sites lost the repression of reporter activity induced by miR-96 or miR-182, but mutation on either the TS1 or TS2 site resulted in only minor reduction in the repression of reporter activity (Fig. 4E) . Therefore, the miR-96-182 family targets the TS1 and TS2 sites of the PAX6 gene.
To verify the role of endogenous miR-96 family members in repressing the PAX6 gene, we transfected the day 10 EPI cells with the PAX6 UTR reporters. A luciferase reporter without the UTR was used as a negative control, and a luciferase reporter with the ZEB2 UTR was used as a positive control. At 48 hours after transfection, there was 60% reduction in the PAX6 and ZEB2 UTR reporter activities when compared with the non-UTR control (Fig. 4F) . As an additional control, a reporter with a mutant PAX6 UTR (mutation on both TS1 and TS2 sites, shown above) was used. In this case, no change in reporter activity was observed (Fig. 4F) . Taken together, these results indicate that miR-96 family members directly target the PAX6 gene.
Overexpression of miR-96 family members represses neural specification
As miR-96 represses PAX6 expression and PAX6 is a human neuroectoderm determinant , we asked whether miR-96 family members inhibit neural induction from hESCs. Using lentiviral transfection, we selected hESC clones that expressed miR-96 or miR-182 around 15-fold higher than that in the control GFPhESCs at day 10 of differentiation, a level comparable with their expression in day 10 EPI cells (supplementary material Fig. S2A ). Overexpression of miR-96 or miR-182 in hESCs showed no effect on ESC self-renewal and proliferation. Under our neural differentiation
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Development 140 (12) conditions, miR-96 or miR-182-hESCs remained as round aggregates formed by stem-like cells, which was confirmed by positive staining for POU5F1, but not columnar NEP morphology (Fig. 5A) . Consistent results were obtained with different miR-96 or miR-182-hESC lines, indicating that the phenotype was not due to different viral integration. Western blotting confirmed that the PAX6 expression was significantly decreased, whereas the expression of pluripotent marker POU5F1 was maintained at a high level at day 10 ( Fig. 5B) . qPCR analysis revealed a similar expression pattern for neuroectoderm genes (PAX6, SOX1 and CDH2) and pluripotent genes (POU5F1 and NANOG) (Fig. 5C ). These phenotypes of miR-96 or miR-182-hESCs are reminiscent of those in PAX6 knockdowns , in which the hESCs do not differentiate into the neuroectoderm.
To ascertain whether overexpression of miR-96-182 also interferes with the differentiation of hESCs into other cell lineages, we cultured the miR-96 or miR-182-hESCs in the meso-endoderm differentiation condition. The miR-96 or miR-182-hESCs differentiated into mesoderm and endoderm cell lineages at a similar efficiency to the control GFP cells, as evidenced by immunostaining for brachyury (T) and SOX17 (supplementary material Fig. S3 ). Therefore, overexpression of miR-96 family members prevents hESCs from differentiating to the NEP fate by repressing PAX6 expression without interfering with the meso-endoderm lineages.
Inhibition of miR-96 family members derepresses PAX6 expression to interfere with cell fates
Given the repressive role of miR-96-182 on PAX6 and neural induction from hESCs, we hypothesized that inhibition of miR-96-182 would promote hESC differentiation towards a neural fate. Using the miRNA sponge strategy, which contains multiple tandem binding sites to a miRNA of interest to compete with target genes for interacting with miRNA (Ebert et al., 2007) , we constructed miR-96-182 sponge by inserting eight copies of the sponge sequence (Fig. 6A) lentivirus produced few ESC colonies, and these hESCs differentiated spontaneously (data not shown). This result indicates that inhibition of miR-96-182 drives differentiation and prevents hESC from self-renewal. Interestingly, miR-96-182 sponge hESCs did not form round aggregates and differentiate to columnar neuroepithelia under our neural differentiation condition. Instead, they formed irregular aggregates at day 4 and some aggregates possessed a cystic structure (Fig. 6B ). When these cell aggregates were attached to laminin-coated coverslips, they formed large flat cells with trophoblast morphology at day 10. These cells were indeed positive for trophoblast marker CDX2 (Fig. 6B) . qPCR analysis also showed upregulation of other extra-embryonic ectoderm markers GATA3 and SOX7, and downregulation of ESC pluripotent markers POU5F1 and NANOG (Fig. 6C) .
Inhibition of miR-96-182 at the ESC stage possibly derepresses PAX6, which in turn represses pluripotent genes , thus preventing us from studying its role in neuroectoderm specification. We therefore infected differentiating hESCs with miR-96-182 sponge lentivirus on day 4 with mcherry as an indicator of infected cells in the cell aggregates, and then cultured cells in the ESC growth medium that prevents neural differentiation (Fig. 6D) . Under this condition, hardly any NEP cells were induced from the control mcherry-hESCs. By contrast, about 10% of the miR-96-182-spongeexpressing cells, as indicated by mcherry, were positive for PAX6, and about 2% were positive for SOX1, the neuroectodermal markers (Fig. 6E) . Therefore, miR-96-182 sponge, by derepressing PAX6 expression, induces ESC differentiation into extra-embryonic lineage at an early stage and promotes neural specification at a later stage.
DISCUSSION
Dissection of the roles of miRNAs in early lineage choices requires distinguishing those for maintaining pluripotency and those for instructing a lineage fate. For this reason, we compared miRNA profiles during neuroepithelial differentiation with those during epidermal differentiation from day 4 to 10 to minimize miRNAs that are involved in pluripotency exit and spontaneous hESC differentiation. This strategy has allowed us to identify two miRNA families, miR-200 and miR-96, that are uniquely involved in neural induction from hESCs. We confirmed ZEB transcription factors as the known target of miR-200 family members, and identified PAX6 transcription factor as the new target of miR-96 family members. Not only does the expression pattern of miR-200 and miR-96 inversely correspond to that of ZEB and PAX6, transcription factors that are crucial for neural induction, but also do our genetic analyses confirm that miR-200 and miR-96 families target and regulate ZEBs and PAX6 genes, respectively, thus modulating neural induction (Fig. 7A) .
miRNAs are crucial for maintaining hESCs and they are largely downregulated upon differentiation (Laurent et al., 2008; Martinez and Gregory, 2010) . A number of miRNAs were found to be downregulated during hESC differentiation. Similar to our identified miR-200 and miR-96 families, miR-302 and miR-371 families were downregulated during hESC differentiation to neuroepithelia, suggesting their potential roles in inhibiting neural fate specification from hESCs (Rosa et al., 2009; Kim et al., 2011) . However, they are downregulated in not only NEP but also EPI cells (supplementary material Fig. S4 ; Table S1 ), suggesting that their roles are not necessarily specific to the neural fate. miR-302 targets Lefty factors, which are inhibitors of Activin/Nodal signaling, and the target of miR-371 is unknown. Activin/Nodal signaling can block the formation of neural tissues from animal cap cells and adopt a mesodermal fate, instead of the epidermal fate, but BMP signaling is a potent epidermal inducer and neural inhibitor (Wilson and Hemmati-Brivanlou, 1995) . BMP inhibition is sufficient to induce the neural tissue within the ectoderm, but combined BMP and Nodal inhibition is required to induce neural tissue from the epiblast (Henry et al., 1996) . Therefore, miR-302 and miR-371 families may play a role only in the early stage to segregate the meso-endodermal fate from the ectodermal fate (Fig. 7B) . That explains why miR-302 and miR-371 are downregulated in both NEP and EPI.
miR-125 miRNAs are recently identified miRNA family that promotes neural specification from hESCs by inhibition of BMP/SMAD pathway (Boissart et al., 2012) . However, the expression of miR-125a and miR-125b was upregulated 4-to 10-fold in both NEP and EPI cells when we compared with the day 4 differentiating hESCs (supplementary material Fig. S4 ; Table S1 ), suggesting that the role of the miR-125 family is not specific to
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Development 140 (12) neural specification. The upregulation of miR-125 family members is consistent with its role in the repression of self-renewal of ESCs (Rybak et al., 2008; O'Loghlen et al., 2012) , and upregulation of miR-125 family members is indeed involved in the ESC differentiation into other cell linages, such as mesodermal cardiomyocytes (Wong et al., 2012) . The robust induction of miR-125 is most likely due to the potent effect of small molecules of BMP inhibitors used in their study (Boissart et al., 2012) . Whether the miR-125 family plays a role in NEP specification under normal development remains to be verified. Taken together, it is crucial to set up rigorous controls to segregate stem cell self-renewal from directed differentiation in order to identify miRNAs that are specific to lineage specification. The miR-200 family was reported to regulate epithelial to mesenchymal transition by targeting ZEB transcription factors (Burk et al., 2008; Gregory et al., 2008) . The miR-200 family inhibits expression of ZEBs at the post-transcriptional level by binding to highly conserved target sites in their 3ЈUTRs. Interestingly, ZEBs directly inhibit the transcription of miR-200 genes by binding to highly conserved sites in their common promoter (Burk et al., 2008) . Thus, miR-200 members and ZEB factors reciprocally regulate each other in a negative-feedback loop. Consistent with their molecular interactions in other systems, we found that miR-200 targets and represses ZEBs during neuroepithelial specification from hESCs. ZEB factors are crucial regulators of TGFβ/BMP signaling through binding SMADs and the regulation of their downstream gene expression. ZEB2 −/− or ZEB2 −/− /ZEB1 −/− embryos showed severe defects in neural plate/tube morphogenesis with a drastic reduction of neuroepithelial marker Sox2 (Miyoshi et al., 2006) . Indeed, inhibition of BMP signaling by small molecules induces a quick increase in ZEB levels and decrease in miR-200 levels (supplementary material Fig. S1B ), suggesting a direct role for the miR-200/ZEB network in inhibiting BMP signaling. This is further confirmed by the fact that the repression of neural induction by miR-200 is restored by simply expressing its target, ZEB (Fig. 3C) . Thus, a new function of miR-200/ZEB network is to modulate neural induction.
The miR-96 family is expressed in retina, inner ear, nose, tongue and dorsal root ganglia, and is thus regarded as a sensory organspecific paralogous miRNA cluster (Xu et al., 2007; Christodoulou et al., 2010) . Consistent with its expression pattern, mutations in the seed sequence of human miR-96 are responsible for non-syndromic progressive hearing loss (Mencía et al., 2009 ) and miR-96-182 sponge transgenic mice display severe retinal degeneration after acute bright light exposure (Zhu et al., 2011) . We found that the miR-96 family is perhaps the most differentially expressed miRNA between neuroectoderm and epidermis. The phenotypes of gain or loss of miR-96-182 function are strikingly similar to those of PAX6 knockdown or overexpression . Importantly, overexpression of miR-96-182 results in repression of PAX6 and subsequent inhibition of neural induction from hESCs but without affecting the differentiation to other lineages, illustrating its specific effect on PAX6 and neuroectoderm specification (Fig. 7B) . The phenotypes of miR-96-182 inhibition appear more complicated. Constitutive inhibition of miR-96-182 in hESCs results in the de-repression of PAX6, thus preventing the hESCs from self-renewal. Because both PAX6a and PAX6b (especially PAX6b, which is turned on earlier during differentiation) are significantly upregulated, which represses the expression of pluripotent genes, the outcome at an early stage is default differentiation to extra-embryonic trophectoderm. This is nearly identical to the phenotype of overexpression of PAX6b . When the miR-96-182 sponge is expressed after day 4, during which the differentiating cells are biased towards the ectoderm fate, it promotes the neural fate. This phenomenon again illustrates the importance of delineating the stage-specific effects of miRNAs. Taken together, miR-96-182 targets and regulates PAX6, thus modulating neuroectoderm specification from hESCs.
Multiple pathways, including BMP-SMAD-ZEB (LaVaute et al., 2009; Postigo et al., 2003; Nitta et al., 2004) and FGF-ERK-PARP (Yoo et al., 2011) , converge on neuroectoderm transcription factor PAX6 to regulate neuroectoderm specification from hESCs. In this study, we have revealed another level of the regulatory network by miRNAs. The miR-200 family, by targeting ZEBs, affects ESC differentiation choices between ectodermal fate and meso-endodermal fate at an early stage, but also distinguishes the neuroectodermal fate from the epidermal fate at a later stage. The miR-96 family, by targeting PAX6, may solidify the neuroectoderm fate at a later stage (Fig. 7B) , as overexpression of miR-96 family does not interfere with the differentiation of hESCs into the meso-endodermal fate. The present finding adds complexity of the regulatory network but offers opportunities for modulating neural specification and/or reprogramming. RESEARCH ARTICLE miR-200 and miR-96 for neural induction 
CDH2 forward CAGGGTGGACGTCATTGTAG
CDH2 reverse AGGGTCTCCACCACTGATTC
EOMES forward ATCATTACGAAACAGGGCAGGC
EOMES reverse CGGGGTTGGTATTTGTGTAAGG
SOX7 forward ACGCCGAGCTCAGCAAGAT
SOX7 reverse TCCACGTACGGCCTCTTCTG
